The role of fructans from leaf sheaths for the refoliation of Lolium perenne after severe defoliation was assessed by following the fate of 13 C-fructose supplied to leaf sheaths at the time of defoliation. At the end of the 4 h labelling period on defoliated plants, 77% of the 13 C incorporated was still located in leaf sheaths. Only 4% and 0.9% were, respectively, allocated to stem and roots, while 18% was imported by the growing leaves where 13 C was allocated ®rst to the proximal part of the leaf growth zone (0±10 mm). In all tissues, the most highly 13 C-labelled carbohydrates was not fructose but sucrose. In leaf sheaths, 13 C-loliose was produced. In the leaf growth zone (0±20 mm), fructans were simultanously synthesized from 13 C entering the leaves and degraded. The export of 13 C from leaf sheaths continued during the ®rst day of regrowth but stopped afterwards. There was no net loss of C from 13 C-fructose over the ®rst 2 d of regrowth. The role of fructans and loliose is discussed as well as the physiological mechanisms contributing to defoliation tolerance in L. perenne.
Introduction
The persistence of grassland species such as Lolium perenne L. cv. Bravo is mainly dependent on their ability to grow after cutting or grazing. The growing part of the leaves is con®ned to their basal regions, which are enclosed by the sheaths of older leaves (Schnyder et al., 1990) and which is suf®ciently close to the ground level to be protected from the reach of animals and machines. Defoliation reduces the leaf area and, thereby, the supply of photosynthate to the leaf meristems. Therefore, the C supply to leaf meristems after defoliation depends transiently on C reserves (Alberda, 1957; Davidson and Milthorpe, 1966; Danckwerts and Gordon, 1987; Johansson, 1993; De Visser et al., 1997; MorvanBertrand et al., 1999b) .
In cool-season grasses, fructan polymers represent the main storage carbohydrates (Chatterton et al., 1989) located in leaf sheaths and in elongating leaf bases. Defoliation induces a strong decrease in fructan contents in elongating leaf bases (Volenec, 1986; Morvan et al., 1997) . Recently, evidence has been provided that new leaf production was strongly in¯uenced by the levels of fructans available in this tissue (Morvan-Bertrand et al., 1999a) and that the activity of fructan exohydrolase, the fructan degrading enzyme, increased more speci®cally in the growth zone after defoliation, suggesting that fructans stored in elongating leaf bases serve as a source of C to sustain the refoliation (Morvan-Bertrand et al., 2001) . Fructans were also degraded in mature leaf sheaths. Indeed, leaf sheaths are generally considered as the major storage site since they can accumulate up to 70% of the fructans stored in the vegetative parts of grasses (Volenec, 1986; Housley and Volenec, 1988; Morvan et al., 1997; Thomas and James, 1999) . In L. perenne, leaf sheaths lost up to 96% of their fructans during the ®rst 6 d of regrowth (Morvan-Bertrand et al., 1999a) . Using undefoliated plants. As far as is known, there is no evidence that C coming from fructan breakdown in leaf sheaths is translocated to growing leaves when plants are defoliated. If leaf sheaths act as a source of C for regrowing leaf tissues, fructose arising from fructan degradation should be transported per se. However, there is unanimous agreement that hexoses are not translocated in the phloem and that sucrose represents the major transport form of C in the Poaceae (Fukumorita and Chino, 1982; Hayashi and Chino, 1986) . A detailed analysis by HPAEC±PAD (high performance anion exchange chromatography±pulsed amperometric detection) showed that unlike other carbohydrates, a trisaccharide, loliose, remained at a high level after defoliation in the leaf sheaths to L. perenne (Pavis et al., 2001) . Loliose is speci®c to Lolium and Festuca species (MacLeod and McCorquodale, 1958; Chatterton et al., 1993) . Like raf®nose, loliose is composed of fructose, glucose and galactose, but unlike raf®nose where galactose and glucose are a(1-6) linked, loliose contains a 1,3-linked glucose. Raf®nose, as well as other members of the raf®nose family of oligosaccharides, are important phloem transport and storage carbohydrates for many plants (Kandler and Hopf, 1982; Keller and Pharr, 1986) . In Lolium and Festuca, raf®nose is bearly detectable (Chatterton et al., 1993; Pavis et al., 2001 ) and the role of loliose is unknown.
The main objective of this study was to evaluate the fate of fructose produced by fructan degradation in leaf sheaths after defoliation. To this end, leaf sheaths were supplied speci®cally with 13 C-fructose immediately after defoliation, in order to label the pool of fructose generated by fructan breakdown in leaf sheaths occurring in response to blade removal. the fate of 13 C was followed in leaf sheaths, elongating leaf bases and root dry matter, as well as the fate of 13 C in hexoses, sucrose, fructans, and loliose.
Materials and methods

Plant material
Seeds of Lolium perenne L. cv. Bravo were germinated and grown for 8 weeks in a greenhouse, on a nutrient solution in 9.0 l polyvinyl chloride pots, as described previously (Gonzalez et al., 1989) . The nutrient solution was aerated continuously and replaced every week. The photoperiod was 16 h of natural light supplemented by a photosynthetic photon¯ux density of 110 mmol m ±2 s ±1 (Phyto tubes, Claude, GTE, Puteaux, France). The thermoperiod was 24°C (day) and 18°C (night).
Labelling procedure Adult leaves of 15 plants composed of about 20 tillers each were cut at the ligule 2 h after the beginning of the photoperiod (T0) (Fig. 1) . At the end of the cutting period which lasted for 4 h (T4), a drop (20 ml) of 13 C-fructose (10 g l ±1 ; D-[1-13 C]fructose, 99%, Leman, StQuentin en Yvelines, France) was deposited on each section. After 30 min the drops were absorbed and the same operation was repeated four times. About 155 mg were incorporated in each plant, which represents 61 mg 13 C per plant. The emerged parts of elongating leaves were not cut right after the end of the 13 C-fructose supply, but 2 h later (at T8) in order to prevent the 13 C-fructose that would not have been absorbed by leaf sheaths being included in the growing leaves through their distal part (Allard and Nelson, 1991) . At T8 plants were deprived of their photosynthetic tissues.
Harvest procedure
Plants were sampled at 0, 8, 24, and 48 h after the beginning of the experiment (Fig. 1) . For each point triplicate pots containing 11 plants were harvested. Roots were dissected into three parts as shown in Fig. 2 . Sheaths were separated from elongating leaves. Elongating leaves were dissected longitudinally into ®ve segments: four 10 mm-long-segments (0±40 mm from leaf base) and a ®fth variable length segment. All plant tissues were rinsed with distilled water, freeze-dried, ground to a ®ne powder and stored at 5°C in a dessiccator for subsequent analysis.
Extraction and measurement of water-soluble carbohydrates (WSC) Soluble carbohydrates were extracted from 50 mg (elongating leaves) or 100 mg (leaf sheaths and roots) of freeze-dried tissues as described previously (Morvan-Bertrand et al., 2001) . Aliquots of carbohydrate extracts (100 ml) were passed through minicolumns (Mobicols from MoBITec, Goettingen, Germany) packed from bottom to top with 120 ml of Amberlite CG-400 II, Cl ± -form (Fluka, Buchs, Switzerland), 100 ml of polyvinylpolypyrrolidone (Sigma, St Louis, MO, USA) and 120 ml of Dowex 50 W X8-400 H + -form (Sigma, St Louis, MO, USA), to remove charged compounds (Keller and Matile, 1985) . Glucose, fructose, sucrose, loliose, and fructans were quanti®ed by high-performance liquid chromatography (HPLC) on a cation exchange column (Sugar-PAK, 300 m Q 6.5 mm, Millipore Waters, Milford, MA, USA) eluted with 0.1 mM CaEDTA in water, using mannitol as the internal standard (Guerrand et al., 1996) . After separation by Sugar-PAK column, glucose, fructose, sucrose, loliose, and fructans were collected separately, concentrated under vacuum and analysed by isotope ratio mass spectrometer (PDZ Europa, Crewe, UK) to determine 13 C enrichment.
Hydrolysis of loliose and sucrose Sucrose and loliose collected after separation by Sugar-PAK column were concentrated under vacuum to dryness and dissolved in 100 ml invertase-buffer (5 units of activity) or a-galactosidase-buffer (1 unit of activity), respectively. Buffers were prepared with 100 ml invertase (grade VII from Baker Yeast, Sigma, St Louis, MO, USA) or 100 ml a-galactosidase (from Aspergillus niger, Megazyme, Wicklow, Ireland) diluted with 9.9 ml of 10 mM sodium acetate buffer, pH 4.7. Incubation lasted for 2 h at 40°C. Products of the reaction were puri®ed on cation and anion exchange resins as described above. Glucose and fructose were separated on HPLC and collected separately. Galactose and sucrose released from loliose were separated by HPLC and collected separately. Sucrose was hydrolysed by invertase as described above, glucose and fructose were separated by HPLC and collected separately. Glucose and fructose were puri®ed by HPLC. Glucose, fructose and galactose were ®nally analysed by isotope ratio mass spectrometer to determine 13 C enrichment.
C isotope and elemental analysis
For the analysis of the freeze-dried plant samples, about 2 mg of ®ne powder were packed in tin cups. For sugar extract analysis, samples were concentrated under vacuum, dissolved in a small volume of water, dried on chromosorb (PDZ Europa, Crewe, UK) and then packed in tin cups. The C and 13 C contents of plant samples and sugar solutions were measured using a C/N analyser (Roboprep CN 20±20, PDZ Europa, Crewe, UK) linked to an isotope ratio mass spectrometer.
Calculation of parameters of C distribution after plant exposure Results of C isotopic analysis given by the mass spectrometer are expressed in ¶ scale relative to the PDB standard (Belemnite from Pee Dee formation in South Carolina): ¶ 13 C (½)=(R sample /R PDBstandard ±1)Q1000 R being the ratio of heavy to light isotope and R value is 0.0112372 for 13 C in PDB standard. Thus, 
Results
Changes in 13 C relative excess and 13 C excess content in root and leaf tissues following 13 C-fructose labelling The 13 C relative excess in the dry matter was determined in the different tissues after the labelling period (Fig. 3) . The labelling period occurred from T4 to T8 when the 13 Cfructose was applied at the ligule ( Fig. 1) . At the end of the labelling period (T8), 13 C was already detectable in all parts of the plant. The 13 C relative excess was the highest in leaf sheaths (0.066%), as expected. Surprisingly, it was also very high in the basal part of elongating leaves (0.064%). It decreased from the base to the top and was 3.6 Fate of fructose from leaf sheaths 1233 times lower in the elongating leaf top than in segment 1. The 13 C relative excess was also high in the stem (0.038%), but was very low (less than 0.002%) in roots. In leaf sheaths and stem, the 13 C relative excess decreased slightly between T8 and T24. By contrast, the 13 C relative excess increased 3.5-fold in elongating leaves during the same 
13
C relative excess of the different plant parts of Lolium perenne over 48 h. At T0, leaf blades were removed at the ligule. From T4 to T8, leaf sheaths were supplied with 13 C-fructose. At T8, the emerging part of the elongating leaves was removed. Plants were harvested at T0, T8, T24, and T48. Vertical bars indicated TSE (n=3).
period and the highest value was found in the basal 2 cm of the growing leaves. Therefore, a large import of 13 C-labelled molecules from leaf sheaths occurred in the leaf meristem via the stem tissue during the ®rst day of regrowth. Between T24 and T48, the decrease in 13 C relative excess in the three ®rst segments of elongating leaves (0±30 mm from the leaf base) indicates a dilution by 12 C, suggesting that the leaf meristem was not only a sink for the C mobilized from leaf sheaths, but also a sink for C newly assimilated by the photosynthetically active cells of the elongating leaf top. In all parts of the roots, the 13 C relative excess increased between T8 and T24, showing a small incorporation of 13 C-labelled compounds from leaf sheaths.
The total 13 C excess content in a plant was close to 61 mg per plant at the end of the labelling period, and did not change signi®cantly during the experiment (Table 1) . At T8,
C was mainly located in leaf sheaths where it represented 77% of the total 13 C incorporated which means that 23% of the 13 C supplied as 13 C-fructose had already left the leaf sheaths 4 h after the beginning of the labelling period. The export of 13 C from leaf sheaths continued between T8 and T24 but stopped afterwards. At T8, a minor part of the 13 C was allocated to the stem (4.0%) and to the roots (0.9%), compared to 18.0% exported to the growing leaves. At T24, 42% remained in leaf sheaths while half of the 13 C was recovered in the growing leaves and only 4.0% and 1.4% in roots and stem, respectively. The distribution of 13 C among the different tissues was almost similar at T48. At T8, the 13 C incorporated in leaf sheaths and roots was mainly located in WSC, where it represented 75% and 88% of the total 13 C, respectively (Table 1) . By contrast, most of the 13 C incorporated in elongating leaves was already in WSC-free DM (77%), including likely proteins, amino acids, organic acids, nucleic acids, trace amounts of starch (Chatterton et al., 1989) and structural biomass. At T24 and T48, whatever the tissue being considered, 13 C was mainly found in WSC-free DM (83% in average).
Changes in WSC concentrations following
13 C-fructose labelling Given that the stem represents less than 4% of the plant dry matter and that the 13 C in this tissue was only 0.8±4.0% of the total 13 C incorporated, the stem was not used for further analysis.
Hexoses: In leaf sheaths, monosaccharide concentrations were low and represented about 10% of the total WSC (Fig. 4) . The total amount of 13 C-fructose incorporated per plant (155 mg) represented 0.4% of the total amount of WSC and 20% of the fructose in leaf sheaths at the beginning of the experiment. Consequently, the fructose concentrations remained constant during the feeding period and decreased slowly afterwards. The glucose concentrations showed a continuous decrease throughout the experiment. In elongating leaves, monosaccharide concentrations were very low in the ®rst 10 mm of the leaf, and increased markedly throughout the growth zone. In the ®rst centimetre of the leaf, monosaccharide concentrations were nearly constant during the ®rst day of regrowth and increased slightly afterwards. In the other segments glucose and fructose concentrations dropped by 75% and 60%, respectively. After the removal of the distal part of Table 1. 13 C excess content (mg 13 C per plant) in dry matter (DM), in WSC and in WSC-free dry matter, in the different plant parts of Lolium perenne subjected to the experimental conditions described in Fig. 3 WSC were not determined in the stem. The data are means TSE (n=3, except for roots where n=1 for WSC and WSC-free dry matter); u. Fig. 4 . Concentrations of fructose, glucose, sucrose, fructans and loliose in the different plant parts of Lolium perenne subjected to the experimental conditions described in Fig. 3 . Vertical bars indicated TSE (n=3).
the leaf (T8 to T48), the monosaccharide concentrations increased slightly in the fast growing zone (0±20 mm from the leaf base), while they continued to decrease in the distal zones (above 30 mm from the leaf base).
Sucrose: In leaf sheaths, sucrose concentration increased from 20 to 28 mg g ±1 DW during the fructose feeding period (Fig. 4) , and declined thereafter. In elongating leaves before defoliation (T0), the sucrose concentration was maximum between 10±20 mm from the leaf base (55 mg g ±1 DW) corresponding to the fast growing zone and decreased gradually along the leaf axis in the differentiation and the mature zones. After leaf blade removal and during the feeding period (T0 to T8), the sucrose concentration decreased not only between 0±20 mm but also between 20±40 mm from the leaf base. After the feeding period and the removal of elongating leaf distal parts, the sucrose concentration dropped in all segments.
Fructans: Fructans (Fig. 4) were the most abundant soluble carbohydrates in stubble and roots of L. perenne. In leaf sheaths, the fructan concentration was stable between T0 and T8 after mature leaf blade removal and during the 13 Cfructose supply, then declined by 47% during the 16 h following the end of 13 C-fructose feeding and the removal of elongating leaf distal parts (T8 to T24) and remained constant afterwards. At T0 the fructan concentration followed roughly the same spatial pattern as that of sucrose being high in the basal 20 mm of the elongating leaves and decreasing progressively above 20 mm. After leaf blade removal and during the labelling period (T0 to T8), fructan concentration decreased by 44% in the basal 20 mm of the leaf. By contrast, it did not change signi®cantly in the tissue located above 20 mm from the leaf base. After the end of the fructose supply and after the removal of the elongating leaf distal parts, the fructan concentration declined by 55% on average in all segments of elongating leaves between T8 and T24. It did not change afterwards, except for the basal 10 mm segment where the fructan concentration still decreased by 67% between T24 and T48.
Loliose: Loliose (Fig. 4) was speci®cally located in leaf sheaths and in the upper part of the roots. In those tissues, the loliose concentration was comparable to that of glucose and fructose in the same plant parts, and represents 5% of the WSC in both tissues. Loliose concentration did not change signi®cantly during the fructose feeding period (T0 to T8). It declined by 40% between T8 and T48.
In roots, the soluble sugar concentrations were always low and did not change signi®cantly (fructans) or decreased continuously (hexoses, sucrose, loliose) during the experiment.
Changes in 13 C relative excess and 13 C excess content in WSC following 13 C-fructose labelling
At the end of the labelling period (T8), which lasted for 4 h, the 13 C found in total WSC of leaf sheaths represented 75% of the 13 C incorporated in that tissue (Table 1 ). The most highly 13 C-labelled carbohydrate was not fructose but sucrose, followed by fructose, glucose, loliose, and fructans (Figs 5, 6) . C-fructose was synthesized from unlabelled compounds, coming probably from fructan breakdown. In elongating leaf bases, the amount of 13 C in fructose did not change in the ®rst segment between T8 and T24, while it increased more than 3-fold in the second one and about 3-fold in the third one (Fig. 6 ). The 13 C relative excess also increased indicating an enrichment in 13 C-fructose in the growing zone after defoliation (Fig. 5) . Between T24 and T48, the amount of At the end of the labelling period, the amount of 13 C fructose in roots was higher at the top than at the tip, and decreased afterwards. The 13 C relative excess in fructose and glucose of roots was lower than in the other tissues. It increased slightly in root tips and root middle parts between T8 and T24 and declined thereafter.
Sucrose: In leaf sheaths, the amount of 13 C in sucrose was very high at the end of the labelling period (Fig. 6) . It represented 71% of the 13 C incorporated in WSC of this tissue although the labelled carbohydrate supplied to the sheaths was (Fig. 5) . This unlabelled sucrose could arise from 12 C-storage compounds or from newly assimilated 12 C. In elongating leaves at T8, the amount of 13 C in sucrose was highest in the basal segment (0±10 mm from the leaf base) (Fig. 6) . The 13 C relative excess in sucrose was also the highest in the basal segment (0.43%) and declined progressively along the leaf axis to reach 0.11% at the top (Fig. 5) . Together, these results suggest that the leaf growing zone 13 C relative excess in fructose, glucose, sucrose, fructans and loliose in the different plant parts of Lolium perenne subjected to the experimental conditions described in Fig. 3 . Vertical bars indicated TSE (n=3), except for the roots where only one analysis was performed.
Fig. 6.
13 C excess content (ng 13 C per plant) in fructans (Fn), sucrose (S), glucose (G), fructose (F) and loliose (L) in the different plant parts of Lolium perenne subjected to the experimental conditions described in Fig. 3 . The data are mean TSE (n=3) except for the roots where only one analysis was performed. u.d.l., Under detection limit. (Fig. 5) . It increased between T8 and T24 in the basal parts of the roots and was stable in the root top during the same period, suggesting a transport of labelled compounds from the top to the tip of the roots. Between T24 and T48, the (Fig. 6) . The 13 C relative excess in fructans was low in all tissues, around 0.015% in leaves and 0.010% in roots (Fig. 5) , but shows that some fructans were synthesized from 13 C-fructose during the labelling period. In leaf sheaths, there was no signi®cative loss of label (Fig. 6 ) and no change of 13 C relative excess (Fig. 5) in fructans over the ®rst 2 d following defoliation. Consequently, given that fructan content declined over that time (Fig. 4) , it means that the synthesis of fructans ceased in leaf sheaths after the feeding period and the removal of the emerging parts of elongating leaves. By contrast, the 13 C relative excess as well as the amount of 13 C in fructans of elongating leaves increased strongly after the end of the labelling period, between T8 and T24, especially in the (10±20 mm) part of the leaves, corresponding to the expansion zone. This increase of 13 C excess and 13 C amount in fructans indicates that, in elongating leaves, some fructans were newly synthesized from labelled compounds coming from leaf sheaths, while the overall fructan concentration decreased at the same time (Fig. 4) . Between T24 and T48, the 13 C relative excess as well as the 13 C excess content declined in fructans of the three ®rst segments (0±30 mm from leaf base). In roots, the amount of 13 C in fructans was always lower than in fructans of any other tissues (Fig. 5) .
Loliose: In leaf sheaths, the 13 C in loliose represented 2.8% of the 13 C in WSC at the end of the labelling period (Fig. 6) . The 13 C relative excess in loliose (0.15%) was lower than the 13 C relative excess in sucrose (1.21%) or fructose (0.76%), but was 10 times higher than the 13 C relative excess in fructans (0.014%) (Fig. 5 ). This result indicates that the turnover of loliose was faster than the turnover of fructans in leaf sheaths but slower than the turnover of sucrose. After the labelling period, the amount of 13 C in loliose decreased. The 13 C excess remained at a high level between T8 and T24. It declined afterwards, indicating a dilution by unlabelled C and therefore a 12 C-loliose synthesis. In the upper part of the roots, the amount of 13 C in loliose and the 13 C relative excess increased between T8 and T24 and decreased subsequently on the second day of regrowth.
Proportion of 13 C in glycosyl residues of sucrose and loliose In sucrose, the glucosyl and fructosyl residues were equally labelled throughout the experiment (Table 2) . In loliose, they were also labelled in the same proportion. The galactosyl residue, however, was always more highly labelled than the glucosyl and fructosyl residues with at least 40% of the total 13 C incorporated in loliose.
Discussion
Effect of exogenously supply of fructose to leaf sheaths at the time of defoliation on fructan metabolism in leaf sheaths and in the growth zone of elongating leaf bases A previous study showed that when defoliation of L. perenne involves the removal of all the photosynthetically active tissues, fructans were hydrolysed immediately in elongating leaf bases and after a lag time of 1.5 h in leaf sheaths (Morvan-Bertrand et al., 2001) . In the present study, fructans in leaf sheaths were degraded after a lag time of 8 h (Fig. 4) . This delay is probably due to the fact that leaf sheaths were supplied with fructose and that the emerging part of elongating leaves were still present during the feeding period. Consequently, the loss of C Table 2 . Proportion of 13 C in the glycosyl-residues of sucrose and loliose in leaf sheaths of Lolium perenne subjected to the experimental conditions described in Fig. 3 The data are mean TSE (n=2 or 3).
Harvest
Sucrose Loliose caused by the removal of mature leaf blades was balanced both by the exogenous source of C and probably also by the assimilates coming from the emerging part of elongating leaves (Allard and Nelson, 1991) . Compensation was not total, however, since fructans of the leaf growth zone (0±20 mm) were speci®cally degraded during that time (Fig. 4) . The time-course of fructan mobilization to sustain refoliation depends therefore on the severity of the defoliation, i.e. on the capacity of C assimilation remaining after defoliation. Labelling of fructans in the growth zone after defoliation was unexpected since fructan content declined at the same time. This trend had already been suspected from data on L. perenne in which elongating leaf bases were considered as a whole (Morvan-Bertrand et al., 1999b) . Hence, differences in fructan contents give an underestimation of fructan breakdown occurring in the leaf growth zone after defoliation since fructans are simultaneously synthesized and hydrolysed. It also indicates that the fructan pool is intimately involved in the regulation of the C balance in the growth zone, as it is in other grass leaf blades that are actively exporting assimilates (Farrar and Farrar, 1985; Borland and Farrar, 1988) .
Fate of fructose coming from fructan breakdown in leaf sheaths Based on the fact that depletion of carbohydrates occurred in leaf sheaths as a response to defoliation, depletion was interpreted in term of use of reserves for refoliation and leaf sheaths were considered to be the main source of C for root growth and the production of new foliage (Volenec, 1986; De Visser et al., 1997; Morvan-Bertrand et al., 1999a ). However, this has never been experimentally established since C reserves coming from leaf sheaths or from elongating leaves were never distinguished. The main objective of this study was to evaluate the fate of fructans stored in leaf sheaths and to assess their roles in refoliation. As it was not possible to label fructans from one compartment speci®cally, leaf sheaths were supplied with 13 C-fructose, the product of fructan hydrolysis, assuming that the fate of 13 C-fructose will re¯ect the fate of C coming from fructan breakdown in leaf sheaths after defoliation. During the labelling period, the emerging part of elongating leaves was not removed, in order to avoid the entrance of 13 C-fructose into these leaves through the wounded cells. The almost similar distribution of 13 C in the fructosyl and glucosyl moieties of sucrose and loliose (Table 2) as well as the rapid incorporation of 13 C into the different soluble sugars (Fig. 6 ) suggest that 13 C-fructose taken up from feeding droplets was rapidly balanced with the 12 C-fructose derived from fructan breakdown and was rapidly incorporated into sugar metabolism. The results provide new information on the role of fructans stored in leaf sheaths for the regrowth of L. perenne after defoliation. Total 13 C excess content in plants was close to 61 mg plant ±1 at the end of the labelling period (Table 1) . However, some parts of the roots were not taken into consideration (Fig. 2) . This unanalysed part was estimated to represent 55% of root DM, but only 1.1% (T8) to 6.8% (T48) of the total 13 C per plant since the 13 C relative excess in roots averaged 0.0015% to 0.0074%, respectively (Fig. 5) . When plants of L. perenne were supplied with 13 CO 2 for 3 weeks before being defoliated and were allowed to regrow in an atmosphere that was not enriched in 13 C, about 20% of the initial 13 C content was lost through respiration during the ®rst 2 d of regrowth (Morvan-Bertrand et al., 1999b) . Surprisingly, when plants were defoliated and supplied with 13 C-fructose, total 13 C excess content did not vary signi®cantly from the end of the labelling period to the second day of regrowth (Table 1 ). This means that there was no loss of C from 13 C-fructose, suggesting that the C coming from fructose was incorporated into compounds that were not used as a source of C for respiration or exudation.
The amount of 13 C in fructose and the 13 C relative excess of fructose decreased in leaf sheaths throughout the regrowth period, indicating that 12 C-fructose was produced. Consequently, leaf sheaths were not only a thoroughfare for the 13 C-fructose supplied at the ligule. Taken together, these data imply that fructans from leaf sheaths represent a source of C for the production of biomass after defoliation. They contribute mainly to the construction of new foliage. Indeed, at the end of the labelling period, the 13 C relative excess was not only high in leaf sheath dry matter, as expected, but it was also very high in the basal part of the leaves (Fig. 3) . It decreased along the elongating leaf axis, being the highest in the proximal part of the growth zone (0±10 mm). Importation of 13 C continued in that zone during the ®rst day of regrowth. Two days after defoliation, elongating leaves have incorporated 57% of the 13 C supplied to leaf sheaths while 46% remained in the leaf sheaths, mainly in WSCfree DM forms including proteins and structural biomass (Table 1) . No more than 3% was allocated to the roots. This, together with an active metabolism in elongating leaf bases, as demonstrated by a faster shift between WSC and WSC-free DM than in roots, suggested a preferential allocation of C to the leaf meristem. In other Poaceae, such as barley, the proportion of assimilates translocated to expanding leaves was 2±3-fold greater than the proportion in undefoliated shoots within 24 h after defoliation (Ryle and Powell, 1975) . Furthermore, in L. perenne, the present study shows that the 13 C relative excess in roots was only 5±20 times lower than the 13 C relative excess in the leaf growth zone during the second day regrowth, compared to 30 times lower during the ®rst hours following defoliation (Fig. 3) . This indicates that the relative supply of C to roots was transiently reduced for the bene®t of the growth zone, immediately after defoliation.
Fate of fructose from leaf sheaths 1241
All together, these ®ndings are of particular interest for an understanding of grassland species persistence. The reduced supply of carbohydrates to roots immediately after defoliation, the greater allocation to leaf meristem and the mobilization of fructans from the growth zone to supply the growth zone itself have already been considered as possible mechanisms that contribute to rapid refoliation and therefore to defoliation tolerance (Richards, 1993; Schnyder and De Visser, 1999; Morvan-Bertrand et al., 2001 ). The present study gives evidence for these mechanisms. In undefoliated Festuca, both the elongation zone and the differentiation zone compete with a similar strength for incoming photosynthate (Allard and Nelson, 1991) . The present data shows that immediately after defoliation, the elongation zone acts as a stronger sink for assimilate than the differentiation zone. Therefore, the speci®c increase of sink strength of the growth zone after defoliation could be considered as another mechanism that allows a rapid refoliation.
Role of loliose
In leaf sheaths, loliose was labelled. Loliose is a trisaccaharide, close to raf®nose, which has been characterized in Lolium species and also found in Festuca species (MacLeod and McCorquodale, 1958; Chatterton et al., 1993) . After defoliation, loliose was relatively less hydrolysed than fructans in leaf sheaths, suggesting than loliose might play other roles, apart from being a storage of C (Pavis et al., 2001) . Raf®nose, and more generally the raf®nose family of oligosaccharides (RFOs) resemble sucrose both in chemical properties and physiological functions. RFOs are water-soluble, non-reducing carbohydrates which are used by many plants for storage, utilization of ®xed C, protection against different stress as well as for translocation in the phloem (Kandler and Hopft, 1982; Keller and Pharr, 1986) . In Lolium perenne, RFOs were not detected, but raf®nose could be found although in much lower concentration than loliose (Pavis et al., 2001) . If, like raf®nose in some species, loliose is used for C translocation in L. perenne, loliose is expected to be synthesized from 13 C-fructose during the labelling period and from unlabelled compounds during the chase period. It is also expected to be recovered in meristems where phloem unloading occurs, unless the rate of its degradation exceeded the rate of its importation. In leaf sheaths, loliose was 2-fold and 10-fold less concentrated than sucrose and fructans, respectively. Loliose was produced before and after defoliation as indicated by the incorporation of 13 C during the labelling period and dilution by 12 C on the second day of regrowth (Fig. 5) . During the ®rst day of regrowth, 13 C excess content was stable in loliose while it decreased strongly in sucrose (Fig. 6) . Therefore, unlike sucrose, there was no synthesis of loliose from unlabelled compounds as an immediate response to defoliation. The galactosyl residue of loliose did not arise from the breakdown of predefoliation galactosyl-rich compounds such as galactolipids or cell wall polysaccharides since it was not less labelled than the glucosyl and the fructosyl residues even after defoliation (Table 2) . These results are not in good agreement with either a C or a galactose translocation role for loliose.
Loliose has neither been detected in the leaf growth zone nor in the root tips. Instead, it was found in leaf sheaths and in the upper part of the roots, which contain less water than leaf and root meristems (data not shown). Beside this speci®c location of loliose in plants at the vegetative stage, seeds may store up to 80% of the WSC in the form of loliose (data not shown). Therefore there is speculation that loliose acts as a dessicant protector in L. perenne. Support for this hypothesis is under investigation.
